Infectious bursal disease virus (IBDV) is the causative agent of a highly contagious disease in young chickens known as infectious bursal disease (IBD). The virus replicates in the cytoplasm of infected cells and targets the precursors of antibody-producing B cells in the bursa of Fabricius (BF). A hallmark of IBDV replication in the BF is the depletion of B cells and atrophy of the BF, resulting in immunosuppression
. Therefore, IBD is economically very important to the poultry industry worldwide. There are several isolates of IBDV which induce characteristic bursal lesions. Classic and very virulent IBDV strains cause hemorrhagic inflammation of the BF, whereas variant strains (GLS and E/Del) cause rapid bursal atrophy without evoking an inflammation response, suggesting differences in the apoptotic processes and pathogenesis of the disease (26, 38, 39, 42) .
IBDV is a member of the Birnaviridae family, and its genome consists of two segments of double-stranded RNA (12, 13) . The smaller segment, B, encodes VP1, a 97-kDa multifunctional protein with polymerase and capping enzyme activities (40) . The larger segment, A, contains a large open reading frame (ORF) encoding a 110-kDa precursor protein that is processed into mature VP2 and VP3 structural proteins by the viral protease, VP4 (2, 20, 21) . In addition, segment A encodes a 17-kDa nonstructural (NS) protein (also known as VP5) from a small ORF overlapping the ORF encoding the N-terminal region of VP2 (32) . The NS protein is highly basic, cysteine-rich, and conserved among all serotype I IBDV strains.
Apoptosis, or programmed cell death, is a controlled physiological process of host cells to remove unwanted cells, including virus-infected cells. As a defense mechanism in response to virus infection, infected host cells undergo apoptosis, which occurs at the early stage of viral infection, thus limiting viral propagation. To overcome host resistance, many viruses carry antiapoptotic factors to inhibit apoptosis. However, in some cases, viruses may trigger apoptosis at the late stage of viral replication to facilitate viral release and spread (17) . The executioners in apoptosis are caspases, a family of cysteinedependent, aspartate-directed proteinases. Caspases function as both effector caspases, such as caspases 3, 6, and 7, and initiator caspases, such as caspases 8 and 9 (43) . Procaspases 8 and 9 are activated in the receptor-mediated and mitochondrial pathways, respectively, and then they successively activate the effector caspases downstream (16, 43) . It is known that NF-B is one of the central players in apoptosis regulation. In most cases, NF-B acts as an antiapoptotic regulator, inhibiting cell death and assisting cell survival (3) . However, in minor cases, the activation of NF-B leads to apoptosis. NF-B can be activated by both external and internal stresses. Generally, oxidative stresses are common NF-B stimuli (6, 22, 31) . In latent cells, NF-B is withheld in the cytoplasm, being bound with its inhibitor, IB. NF-B can be released only after IB is phosphorylated and degraded, possibly via the ubiquitin and proteasome pathway. As a result, the released NF-B will be translocated to the nucleus, working as the transcriptional regulator of many related genes (7, 8, 10) .
Previous studies have shown that IBDV induces apoptosis both in vitro and in vivo (26, 34, 42, 45) . By transiently expressing the NS protein, VP5, in chicken embryo fibroblasts (CEF) and BSC-1 and Cos-1 cells, Lombardo and coworkers demonstrated that this protein accumulates within the host plasma membrane and induces cell lysis (30) . Using a reverse genetic system, we generated an NS knockout mutant of IBDV-D78 and demonstrated that the NS protein plays a role in the induction of apoptosis and IBDV pathogenesis, since this virus did not induce bursal lesions in susceptible chickens after infection (46, 47) . Jungmann and coworkers reported that apoptosis is induced by IBDV replication in productively infected cells as well as in antigen-negative cells in their vicinity, suggesting an indirect mechanism for the induction of apoptosis in vivo (24) . However, to date, the mechanisms for IBDV-induced apoptosis remain unknown. In this report, we focus on a single round of IBDV replication in infected cells and examine the apoptotic kinetics and possible pathways of IBDVinduced apoptosis. Furthermore, we generated IBDV GLS and its NS knockout mutant by using reverse genetics, and we compared apoptosis and signaling pathways to elucidate the function of the NS protein in the pathogenesis of IBDV infection.
MATERIALS AND METHODS
Viruses, cells, and reagents. The cell culture-adapted antigenic variant strain GLSTC was obtained from previously acknowledged sources (38) . This virus was plaque purified twice in secondary CEF cells and propagated in Vero cells. Primary CEF cells were prepared from 10-day-old embryonated eggs (SPAFAS, Inc., Storrs, Conn.) as described previously (33, 46) . Secondary CEF cells, maintained in a growth medium consisting of M199-F10 (50%-50% [vol/vol]) and 5% fetal bovine serum (FBS), were used in all experiments, including virus titration and plaque assays. Vero cells were maintained in M199 medium supplemented with 5% FBS at 37°C in a humidified 5% CO 2 incubator and used for the transfection and propagation of virus stocks. Recombinant viruses of the GLSTC (tissue culture adapted) strain, rGLSA and rGLSNS⌬, were recovered using reverse genetics as described previously (29, 46) . The chemical reagents used in this study are as follows. z-VAD-FMK (Z-Val-Ala-Asp-fluoromethylketone), MG132 (Z-Leu-Leu-Leu-CHO; Biomol Research Labs, Inc.), and z-FA-FMK (Z-Phe-Val-fluoromethylketone; Trevigen Inc.) were dissolved in dimethyl sulfoxide at a concentration of 10 mg/ml or 25 mg/ml. PDTC (pyrrolidinedithiocarbamate; Sigma) was prepared in nuclease-free water. Poly(I · C) was prepared with nuclease-free water according to the instructions provided by the company (Amersham Biotech Inc.). CEF cells were transfected with 2 to 12 g of synthetic double-stranded RNA (dsRNA) [poly(I · C)], using Lipofectin reagent, as described previously (33, 46) . DNA fragmentation assay. Mock-infected or virus-infected cells (2 ϫ 10 6 ) grown in 25-cm 2 tissue culture flasks were harvested at different time points, and low-molecular-weight DNAs were extracted. A DNA fragmentation assay was performed as described previously, with slight modifications (14) . Briefly, the collected cells were washed in cold phosphate-buffered saline (PBS), resuspended in 300 l of ice-cold lysis buffer (10 mM Tris [pH 7.5], 10 mM EDTA [pH 7.5], and 0.2% Triton X-100), and incubated on ice for 30 min. Lysates were centrifuged at 10,000 ϫ g at 4°C for 10 min, and supernatants were subjected to phenol-chloroform extraction twice, once with buffered phenol-chloroform and once with chloroform-isoamyl alcohol (24:1 [vol/vol]), by using 1.5 ml of phaselock gel (Eppendorf, Brinkmann Instruments). DNAs were ethanol precipitated with 500 mM NaCl. DNA samples were resuspended in 15 l of sterile water and treated for 15 min at 37°C with RNase A at a final concentration of 1.0 g/l. All samples were run in a 2% agarose gel in 1ϫ Tris-borate-EDTA buffer and stained with ethidium bromide.
Western blot analysis. To detect viral protein expression levels, IBDV-infected CEF cells (in a six-well plate) were harvested at the indicated time points and pelleted by centrifugation. The cells were washed with ice-cold PBS, resuspended in 30 l of PBS, and mixed with an equal volume of 2ϫ sodium dodecyl sulfate sample loading buffer. For immunoblotting, the proteins were electrophoretically separated in a 12.5% sodium dodecyl sulfate-polyacrylamide gel. The primary antibody was a rabbit anti-IBDV polyclonal antibody diluted 1:200 in blocking solution. The detection of IBDV-specific protein was performed with an enhanced chemiluminescence Western blot detection system (Amersham Pharmacia Biotech Inc., NJ).
Growth curve for IBDV. Infected cell cultures were freeze-thawed three times at different intervals, and the titers of infectious progeny were determined by a plaque assay. Briefly, the supernatants from infected cell cultures were diluted serially 10 times. Monolayers of secondary CEF cells grown in a six-well plate were inoculated with each dilution of supernatant. At 1 hour postinfection, the cells were overlaid with 3 ml of 0.9% SeaPlaque agarose (Difco) in minimum essential medium containing 5% FBS and 1% L-glutamine. After 3 days of incubation at 37°C, the overlays were removed, and the cells were fixed and stained with a solution containing 25% formalin, 10% ethanol, 5% acetic acid, and 1% crystal violet for 5 min at room temperature. After rinsing of the cells with distilled water, the plaques were counted.
NF-B EMSA. CEF cells grown in 75-cm 2 tissue culture flasks were either mock infected or infected with GLSTC at a multiplicity of infection (MOI) of 10 PFU per cell. Total cell extracts were prepared, and electrophoretic mobility shift assays (EMSAs) were performed as previously described (35) . Briefly, 2 ϫ 10 6 infected CEF cells were trypsinized and washed once with cold PBS. The cells were resuspended in 20 l high-salt detergent buffer containing 20 mM HEPES, pH 7.9, 350 mM NaCl, 20% (wt/vol) glycerol, 1% (wt/vol) NP-40, 1 mM MgCl 2 , 0.5 mM EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol (DTT), 0.1% phenylmethylsulfonyl fluoride (PMSF), and 1% protease inhibitor cocktail (Boehringer Mannheim, Indianapolis, IN) and incubated on ice for 30 min. The cell lysates were centrifuged for 5 min at 13,000 ϫ g at 4°C. Equal amounts of protein (15 g) were added to reaction mixtures that contained 20 g bovine serum albumin (Sigma), 2 g poly(dI · dC) (Amersham Biotech Inc.), 2 l buffer D (20 mM HEPES, pH 7.9, 20% glycerin, 100 mM KCl, 0.5 mM EDTA, 0.25% NP-40, 2 mM DTT, 0.1% PMSF), 4 l buffer F (20% Ficoll 400, 100 mM HEPES, 300 mM KCl, 10 mM DTT, 0.1% PMSF), and 0.2 pmol ␥-32 P-end-labeled probes in a final volume of 20 l. For competition experiments, a 10-fold excess of unlabeled NF-B consensus oligonucleotide or a double-stranded oligonucleotide for another transcription factor, AP-1, was added to reaction mixtures and incubated for 10 min at room temperature before ␥-32 P-end-labeled probes were added. After incubation at room temperature for another 25 min in the presence of ␥-32 P-end-labeled probes, all reaction mixtures were electrophoresed in 5% nondenaturing polyacrylamide gels at 55 mA for 20 min at 4°C. Subsequently, the gels were dried, prepared for autoradiography, and exposed to a phosphor screen (Molecular Dynamics) for storage at room temperature. The 32 P-labeled bands were visualized using a phosphorimager (Storm; Molecular Dynamics, Sunnyvale, CA).
The double-stranded NF-B oligonucleotides (5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј and the complementary strand, 3Ј-TCA ACT CCC CTG AAA GGG TCC G-5Ј) (Promega) were labeled using [␥-
32 P]ATP (3,000 Ci/mmol; Amersham) and T4 polynucleotide kinase (Promega) according to the instructions provided by the manufacturer. The AP-1 oligonucleotide contained the sequence 5Ј-GAT CGA ACT GAC CGC CCG CGG CCC GT-3Ј and the complementary strand, 3Ј-GCG AAC TAC TCA GTC GGC CTT-5Ј.
Caspase 3, 8, and 9 activity assays. Caspase activity assays were performed using the procedures described in fluorometric assay kits obtained from BioVision (Mountain View, CA). CEF cells (1 ϫ 10 6 ) grown in a six-well plate were mock infected or infected with GLSTC virus at an MOI of 10 PFU per cell and incubated for various intervals. The cells were trypsinized and washed with cold PBS. The cell pellets were resuspended in 50 l of chilled cell lysis buffer and incubated on ice for 10 min. The cell lysates were harvested by centrifugation at 10,000 ϫ g for 10 min. The supernatants were collected and frozen at Ϫ70°C until samples from all the time points were harvested.
The fluorometric assay utilizes peptide substrates consisting of the consensus cleavage sequence for each caspase labeled with AFC (7-amino-4-trifuoromethyl coumarin), such as DEVD-AFC (synthetic caspase 3 substrate), IETD-AFC (synthetic caspase 8 substrate), and LEHD-AFC (synthetic caspase 9 substrate), which were used in the study. Activated caspases in apoptotic cells cleave the synthetic substrates to release free AFC, which is then quantified using a fluorometer. For each reaction, 50 l of cell lysate and 50 l of 2ϫ reaction buffer containing 5 mM DTT were mixed and then incubated with 50 mM of the caspase substrate at 37°C for 90 min. Finally, the reactions were analyzed in a fluorescence plate reader (Luminescence LS 55 spectrometer; Perkin-Elmer Instruments, Shelton, CT) with a 400-nm excitation filter and a 505-nm emission filter. The amount of fluorescence detected was directly proportional to the amount of caspase activity. Results of all experiments are reported as means Ϯ standard deviations (SD).
RESULTS
The kinetics of IBDV replication and apoptosis. In the first set of experiments, we investigated IBDV-induced apoptosis and possible pathways during the early stage of viral infection in order to provide valuable indicators for analysis of the NS protein function. First, the replication and apoptotic kinetics during a single round of the viral life cycle were studied by infecting CEF cells with GLSTC virus (MOI ϭ 10.0). Viral protein expression was detected by immunostaining, and the production of infectious viral progeny was quantified by plaque assay at different time points. As shown in Fig. 1A , the increased viral protein expression in infected cells could be detected at 8 h postinfection (p.i.). Accordingly, there was very little viral protein detected prior to 7 h p.i., but the viral yields increased 3-, 13-, and 17-fold at 9, 12, and 14 h, respectively, compared with the sample from 3 h p.i. (Fig. 1B) . A DNA laddering assay was utilized to investigate IBDV-induced apoptosis, as shown in Fig. 1C . DNA fragmentation, which is a characteristic event in apoptotic cells, became detectable between 12 and 14 h p.i., suggesting that apoptosis occurred at the late stage of viral replication.
IBDV infection activates caspases 3 and 9 but not caspase 8. To investigate if IBDV-induced apoptosis is caspase dependent, caspase 3 activity in CEF cells during IBDV infection was examined at different time points. Caspase 3 activity was detected by a fluorometric method based on cleavage of the DEVD-AFC substrate. Figure 2A shows that caspase 3 was activated at 9 h p.i. and that its activity increased over time, which correlates with the DNA laddering results. Caspases 8 and 9 are both pivotal initiator caspases in either extrinsic or intrinsic pathways. To determine which initiator caspase(s) is -like activities at the indicated times after infection. P values were calculated using an unpaired t test. By conventional criteria, the differences in caspase 3 activities (A) and caspase 8 and 9 activities (2) between control and GLSTC-infected CEF cells at different time points were evaluated, and the results are marked (* or **). (C) As a positive control for caspase 8 and 9 activation, 2 g or 12 g of the synthetic dsRNA poly(I · C) was transfected into CEF cells by using Lipofectin. At 3 hours posttransfection, cell lysates were prepared, and the enzymatic activities of caspases 8 and 9 were determined. involved in IBDV-induced apoptosis, the activation of caspases 8 and 9 was examined. As shown in Fig. 2B , caspase 9 was activated during IBDV infection, but caspase 8 was not. As a positive control, dsRNA was used, which induces both caspases 8 and 9 (Fig. 2C) . The irreversible, cell-permeative, broad-spectrum caspase inhibitor z-VAD-FMK was used to confirm this result. As expected, this protein completely inhibited both caspase 3 and 9 activities during IBDV infection (Fig. 3A) and partially inhibited DNA laddering induced by IBDV (Fig. 3B) . Taken together, our results indicate that IBDV infection activates caspases 3 and 9, but not caspase 8, at the late stage of viral replication.
NF-B is activated after IBDV infection. NF-B, a very important player in the regulation of cell growth and survival (1), is activated in response to intrinsic and extrinsic signals, including virus infection (11) . Therefore, we examined the activation of NF-B by using an EMSA after virus infection. CEF cells were either mock infected or infected with GLSTC virus, and cell lysates were prepared at various time intervals. Cell lysates were incubated with a saturating amount of 32 Plabeled oligonucleotide containing the NF-B consensus binding sequence and were resolved in a nondenaturing polyacrylamide gel. Figure 4A shows that following IBDV infection, the NF-B protein, capable of binding to the radiolabeled oligonucleotides, shifted to a higher-molecular-mass position, indicating its activation. NF-B activation was detected at 6 h p.i. and further increased at approximately 16 h p.i. No NF-B activity was detected in mock-infected cultures.
To verify if the DNA binding was specific for NF-B, a competitive EMSA was carried out. The binding reaction of cell lysate with the 32 P-labeled NF-B consensus oligonucleotide was performed in the presence of a 10-fold excess of either unlabeled NF-B consensus oligonucleotide or an unlabeled oligonucleotide that binds to AP-1, another transcription factor. As shown in Fig. 4B , the gel shift activity was competitively inhibited by the unlabeled NF-B consensus oligonucleotide but not by unlabeled AP-1, indicating that the binding of the 32 P-labeled NF-B oligonucleotide to NF-B was specific.
Both a proteasome inhibitor and an antioxidant inhibit IBDVinduced NF-B activation and apoptosis. It has been shown that the degradation of IB requires proteasome activity and that only after IB is degraded can NF-B be released and translocated to the nucleus to start the transcription of downstream genes (6, 8) . Therefore, to determine if NF-B activation is required for IBDV-induced apoptosis, a synthetic peptide inhibitor of the aldehyde proteasome pathway, MG132, was used (10, 36) . CEF cells were infected with GLSTC virus (MOI ϭ 10.0) in the presence or absence of different concentrations of MG132. The cell lysates and DNA extracts were subjected to EMSA and DNA laddering analysis at 14 or 16 h p.i. As shown in Fig. 5A , the treatment of CEF cells with MG132 completely eliminated NF-B activity. As expected, MG132 at 50 M also inhibited IBDV-induced DNA laddering (Fig. 5B) . In addition, no cytopathic effect (CPE) was observed in the presence of MG132, whereas obvious CPE was observed between 12 and 14 h p.i. in the absence of MG132 (data not shown). The accumulation of reactive oxygen species (ROS) in stressed cells is a very common event that is associated with cell death pathways, and several studies suggest that an elevated ROS level enhances NF-B activation. To determine if ROS accumulation is the upstream event of IBDV-induced NF-B activation, the antioxidant PDTC was used (15, 35) . CEF cells were infected with GLSTC virus in the presence of various concentrations of PDTC, and cell lysates were harvested for NF-B EMSA and the DNA laddering assay at 14 h p.i. Our results show that PDTC also inhibits NF-B activities (Fig.  5C ). Moreover, both apoptosis and CPE were inhibited by PDTC, and DNA fragmentation was partially inhibited (Fig.  5D ). Since caspase 3 is an important indicator of IBDV-induced apoptosis, caspase 3 activity was measured in the presence of MG132 at 14 h p.i. Figure 5E shows that MG132 also inhibits IBDV-induced caspase 3 activation.
Function of NS protein in IBDV-induced apoptosis.
Having demonstrated that both caspase 3 and 9 activation and NF-B activation can be used as markers for IBDV-induced apoptosis, we wanted to determine the function of the NS protein in apoptosis during a single round of viral replication. For this experiment, we recovered the recombinant rGLSA virus and its NS knockout mutant, rGLSNS⌬, using reverse genetics (29, 33) . When CEF cells were infected with these two viruses, no difference in viral protein synthesis (based on VP3 expression) was observed (Fig. 6A) . However, rGLSNS⌬ virus replicated slower and produced sevenfold fewer progenies than its counterpart, rGLSA virus, at 14 h p.i. (Fig. 6B ). In addition, the CPE in rGLSNS⌬ virus-infected cells was earlier and greater than that in rGLSA virus-infected CEF cells during a single round of viral replication (data not shown). We then examined the apoptosis induced by rGLSNS⌬ virus after infection, as represented by DNA laddering, caspase 3 and 9 activation, and NF-B activation. Since the NS-deficient virus does not grow to as high of a titer as the wild-type virus, we infected CEF cells with rGLSNS⌬ virus at an MOI of 1 and with rGLSA virus at an MOI of 1 or 2. As shown in Fig. 6C , rGLSNS⌬ virus induced stronger DNA laddering than rGLSA virus at 12 and 14 h p.i., even though the latter was inoculated at an MOI of 2. Similarly, rGLSNS⌬ virus induced more NF-B activation (Fig.  6D ) and higher caspase 3 and 9 activities (Fig. 6E and F) than rGLSA virus at 9, 12, and 14 h p.i. Taken together, our results indicate that rGLSNS⌬ virus induces increased apoptosis compared to rGLSA virus, suggesting that the NS protein is antiapoptotic during the early stage of viral replication.
DISCUSSION
During virus infection, a variety of signal transduction pathways can be activated, leading to apoptosis of infected cells. For example, reovirus and Sindbis virus initiate apoptosis via both cellular receptor-and mitochondrion-mediated caspasedependent pathways (11, 23, 25) . During reovirus infection, both caspase 8 and caspase 9 are activated. Caspase 8 activation can be detected as early as 6 h postinfection, whereas caspase 9 can be detected at 12 h postinfection (25) . Other viruses, such as dengue virus and bovine viral diarrhea virus, cause internal stresses, which damage mitochondrial membrane integrity or potentials so that apoptosis is initiated (22, 37) .
For this study, the kinetics and signaling pathways of IBDVinduced apoptosis were studied in cell culture for the first time, based on a single round of replication. Three important characteristics of IBDV-induced apoptosis were revealed. First, as our data show, IBDV-induced apoptosis is caspase dependent. After infection of CEF cells with IBDV, DNA fragmentation can be detected, and both the effector caspase 3 and the initiator caspase 9 are significantly activated. The broad-spectrum caspase inhibitor z-VAD-FMK, known to inhibit caspases 8 and 9 and, subsequently, caspase 3 (41), also inhibits the activation of caspases 9 and 3 and partially inhibits DNA fragmentation induced by IBDV infection. Caspase 8 is not activated by IBDV infection, and apoptosis is detected in the late stage of a single round of viral replication, suggesting that IBDV-induced apoptosis may not be receptor mediated or that the receptor-mediated pathway is inhibited.
It has been shown that reovirus and flaviviruses induce apoptosis, which requires the activation of NF-B (11, 22, 27) . In this pathway, oxidative stress is considered one of the most important mediators of apoptosis, and NF-B has been shown to function downstream of ROS in some situations (5, 22, 31) . For infectious bronchitis virus and porcine transmissible gastroenteritis virus, the induction of apoptosis is caspase dependent and also involves cellular oxidative stress (14, 28) . In this incided with DNA fragmentation and cytopathic effects. It is evident that apoptosis occurs at a time when IBDV synthesis is complete and the progenies need to be released from infected cells.
For dsRNA and positive-strand RNA viruses, proteins are synthesized once viruses enter the cells, and then replication is initiated. There are many factors that can induce apoptosis, such as receptor binding, dsRNA, and stresses caused by virus replication. Responding to these invading foreign signals and products, infected host cells sacrifice themselves by going to programmed cell death before completing their life cycle, limiting viral replication (17) . Presumably, virally induced apop- FIG. 6 . Replication and apoptotic kinetics of rGLS and rGLSNS⌬ viruses at early stage of virus infection. CEF cells (1 ϫ 10 6 ) were inoculated with equal amounts of the rGLSNS⌬ (NS⌬) and rGLSA (A) viruses at an MOI of 1 PFU per cell. Cell lysates were harvested and analyzed for the virus-specific protein VP3 by immunoblotting (A). Infected cells were freeze-thawed three times, and viruses were quantified by plaque assay at the indicated time points (B). The low-molecular-weight DNAs from cell lysates were extracted and analyzed by a DNA laddering assay (C) and by EMSA at 9, 12, and 14 h postinfection (D). Caspase 3 and 9 activities were also measured 12 h after virus infection at the indicated MOI per cell (E and F). All assays were performed as described in the legends to Fig. 1 In this study, by comparing IBDV-induced apoptotic characteristics of NS-deficient rGLSNS⌬ virus and rGLSA virus, we provide important evidence suggesting that the NS protein functions as an antiapoptotic protein during the early stage of IBDV replication. First, the NS-deficient virus causes earlier and greater apoptotic effects than rGLSA virus, as shown by DNA laddering, caspase 3 activity, and NF-B activation. Second, early apoptosis is accompanied by less production of viral progeny, and lastly, the viral protein translational level is not affected, as indicated by the Western blot results. Therefore, the NS protein performs the function of inhibiting apoptosis initiated by viral replication and prevents infected cells from undergoing cell death before the virus finishes its life cycle. Without this inhibition, apoptosis would occur earlier, when the virus still needs the host to complete its propagation. Thus, early apoptosis of infected cells results in reduced production of viral progeny. Consequently, the NS-deficient virus replicates slower and has a 1-log lower titer than rGLSA virus after several rounds of replication (data not shown).
The antiapoptotic function of the NS protein can also instigate attenuation of the virus in vivo. Earlier, we showed that the replication efficiency of IBDV in the BF modulates virulence in vivo (29) . Bursa-derived wild-type IBDV replicates most efficiently in the BF, causing bursal lesions. On the other hand, the cell culture-adapted virus does not replicate efficiently due to mutations in the VP2 or VP1 protein, and it is attenuated. As our data indicate here, a loss of antiapoptotic function by the NS protein also decreases the replication efficiency, which can lead to further attenuation. In fact, this can explain why the NS-deficient rD78 mutant virus reported earlier (46) , as well as rGLSNS⌬ virus (data not shown), is attenuated in vivo and does not induce bursal lesions. These data may be in disagreement with our findings that the NS-deficient rD78 virus induced less apoptosis (by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling assay) than the wild-type virus at 72 h p.i. However, this can be explained since the comparison of apoptosis was made under dissimilar conditions and not during the early stage of viral infection (between 9 and 12 h p.i., when the apoptosis of NS-deficient virus was greater than that of the wild type) (Fig. 6C) , which consequently reduced the viral titer of NS-deficient rD78 virus throughout the growth period, and it seemed to be less apoptotic than the wild-type virus at 72 h p.i., when the cells were highly confluent.
Previously, it was shown that the NS protein accumulates within the host plasma membrane and induces cell lysis (30) , and transient expression of the NS protein in vitro induces apoptosis (47) . Since transient expression does not mimic virus infection, the results may be quite different from the point of view of the effect of viral infection on the host antiviral defense. Therefore, we speculate that the NS protein might be a regulatory protein which is antiapoptotic at the early stage of virus infection and targets the plasma membrane at the end of the viral life cycle. This results in cell death and dissemination of the IBDV progeny. A mutant rGLSNS⌬ virus, lacking the last 20 residues of the NS protein (representing the cytoplasmic domain), was generated and exhibited similar kinetics to those of the rGLSNS⌬ virus (data not shown). Therefore, further studies are needed to map the functional domain of the NS protein.
